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Glucose-sensitive neurons are localized in brain areas involved in energy homeostasis, mainly the hypothalamus and hindbrain (reviewed in Refs. 31, 38, and 41) . At least four types of neurons, excited or inhibited by low or high glucose concentrations, can modulate their firing rate in response to variations in glucose concentrations (31, 38, 41) . Glucoseinduced excitation of hypothalamic neurons requires glucose phosphorylation, ATP production by glucose oxidation, and subsequent closure of ATP-sensitive potassium (K ATP ) channels that induces a membrane depolarization (reviewed in Refs. 4, 31, and 41) . A similar mechanism triggers insulin secretion in pancreatic ␤-cells (38) . GLUT1 and GLUT3 transporters generate glucose fluxes in brain cells; nevertheless, these transporters get saturated at low glucose concentrations (6) . By contrast, GLUT2, a high-capacity, high-K m transporter isoform (6) , when associated with an efficient glucokinase, sustains fluxes of higher glucose concentrations. GLUT2 is present in brain areas involved in the control of food intake, whereas the exact nature of GLUT2-expressing cells remains unclear since GLUT2 has been identified in neurons, astrocytes, and tanycytes (1, 2, 17, 28, 36) . Nevertheless, it is not known whether GLUT2 is present in the glucose-sensitive neurons expressing orexigenic or anorexigenic peptides (26) .
GLUT2 has been involved in the control of food intake. Indeed, reduced amounts of GLUT2 in the brain have abolished the peripheral insulin response to central glucose (29) and prevented the increase of food intake caused by glucopenia (49) . Moreover, in GLUT2-null mice rescued by the pancreatic expression of GLUT1 (ripglut1; glut2 Ϫ/Ϫ mice), accelerated feeding initiation and delayed meal termination have increased the daily food intake (5) . This occurred in conjunction with abnormal regulation of orexigenic and anorexigenic neuropeptide expression in the hypothalamus (5) . GLUT2, glucokinase, and K ATP channels have thus been proposed as major brain actors in glucodetection (41) . However, glucokinase and GLUT2 do not always colocalize in brain neurons (26, 32) , suggesting an alternative GLUT2-dependent glucose-sensing pathway.
Detection mechanisms, independent of K ATP channels, have been reported to be involved in central glucose sensing (16, 18, 19) . A sodium-glucose cotransporter activity is involved in membrane polarization of glucose-responsive orexin neurons (19, 40) . Recently, sweet-taste G protein-coupled receptors, first identified in mammalian taste buds (39) , were found in the brain (43) . These taste receptors have been involved in the detection of sugar in the gut, where they control hormone secretion (45) , gene expression (27, 35) , and sugar transport (27, 33) . The contribution of sweet-taste receptors in the control of food intake has been studied in terms of reward in mice lacking a functional sweet-taste transduction pathway by genetic knockout of the TRPM5 ion channel (12) . However, no changes in body weight and food intake were ever reported in mice lacking components of the sweet-taste pathway (12, 35) . Moreover, glucose concentrations found in the brain may be too low to activate sweet-taste G protein-coupled receptors (39) . Overall, several membrane-bound ATP-independent glucoreceptors have been identified in the brain, but their physiological relevance and contribution to the control of food intake remain unknown.
In addition to being a sugar transporter fueling metabolism, GLUT2 is also an extracellular glucose receptor in hepatocytes, in ␤-pancreatic cells, and in enterocytes (8, 22, 27) . The concept of a transporter-receptor, or "transceptor", allowing nutrient detection is well established in primitive eukaryotes such as yeast (48) , but it is more recent in higher eukaryotes (25, 30) . In GLUT2-expressing cells, large expression of a peptide corresponding to the GLUT2-cytoplasmic loop blocked GLUT2-dependent glucose detection but preserved GLUT2-dependent glucose transport and metabolism (8, 22, 27) . The GLUT2 loop, present in excess, might sequester a partner of endogenous GLUT2 involved in an alternative glucose-signaling pathway independent of glucose metabolism. This dominant negative tool allowed us to distinguish between GLUT2 receptor and transporter functions in vitro. GLUT2-sugar detection-deficient (GLUT2-SDD) mice have been generated as transgenic mice ubiquitously expressing the GLUT2-loop domain (47) . GLUT2-SDD mice display a different phenotype to GLUT2-null mice lacking both GLUT2 functions; whereas GLUT2-null mice develop diabetes and die during weaning (21), GLUT2-SDD mice exhibit profound alterations of glucose homeostasis but are not diabetic (47) . In GLUT2-SDD mice, glucose is slowly cleared from the blood due to low insulin production by the pancreas and despite massive urinary glucose excretion (47) . Defects in pancreatic insulin secretion are associated with a greater number of small islets. However, the severity of the alterations in pancreatic secretion is highly dependent on the level of transgene expression, and one of the transgenic lines was almost preserved from deficient insulin secretion (47) . These data demonstrate the physiological importance of the receptor function of GLUT2 in the regulation of glucose homeostasis.
The question addressed in this study is to decipher whether, in the absence of GLUT2-mediated sugar detection, the control food intake by the brain is still sensitive to glucose. The inhibition of GLUT2-mediated glucose detection increases daily food intake by a mechanism involving increased meal size but not meal number. This modification in feeding behavior is correlated with defects in arcuate c-Fos activation in response to glucose and abnormal levels of orexin and TRH neuropeptide mRNA in the fed state.
MATERIALS AND METHODS
Animals. GLUT2-SDD mice have been described previously (47) ; briefly, they expressed a DNA fragment encoding the cytoplasmic loop of the rat GLUT2 (amino acids 237-301), which is driven by an actin promoter (22 (34) , equipped with weighed food cups (sensitivity 0.01 g). Data acquisition was performed continuously at 5-s intervals throughout the day-light cycle and was controlled by a computer running a program developed specifically for the laboratory. The structure of the meal pattern was analyzed; a meal was defined as the period during which a minimum of 0.01 g (detection limit of the scale) was consumed over a 20-s period preceded and followed by an interval of Ն15 min with no feeding. Ingestive bouts separated by Ͻ15 min were pooled within one single meal. Hourly food intake throughout the 24-h light-dark cycle was established by pooling food intake at 1-h intervals. Food intake was also determined under glucose abundance (glucose 3.6 g/kg body wt ip) in mice that were fasted for 24 h. Food consumption was then recorded every hour, and experiments were performed between 7 AM (lights on) and 1 PM.
Body weight and total fat. Body weight and total fat were determined by dual-energy X-ray absorptiometry (Lunar PIXImus mouse densitometer; GE Lunar). Mice were anesthetized with Avertin (0.02 ml/g body wt) before the analysis (47) .
Hormonal profiles. Blood was collected in the presence of protease inhibitors (Roche). After centrifugation, the plasma samples were stored at Ϫ80°C until the hormone assay. Levels of leptin, resistin, adiponectin, insulin, and glucagon were measured in duplicate using the mouse endocrine hormone multiplex panel (Lincoplex Multiplex Assays; Linco-Millipore) and Luminex technology at the core facility of the Saint Antoine hospital in Paris (IRSSA; Inserm IFR65). Insulin levels were determined with ELISA (Rat/Mouse Insulin Kit; LincoMillipore) and ghrelin using RIA assay (Linco).
Hypothalamic analysis. Mice fasted for 24 h or fed were euthanized at 7 AM (lights on) by cervical dislocation, and whole brains were rapidly isolated. The hypothalamus was dissected following its clear morphological boundaries and includes lateral and paraventricular nuclei. Resulting tissue samples were immediately frozen in liquid nitrogen and stored at Ϫ80°C until RNA extraction or crude membrane preparation. Total RNA from the hypothalamus was extracted with Tri Reagent. Reverse transcription was carried out with 1 g of total RNA and messenger RNA quantified with a Light Cycler system (Roche Molecular Biochemicals I primer; Roche Molecular Biochemicals, Indianapolis, IN). Using ProbeFinder version 2.45 (Roche), specific primers were designed for POMC (forward 5=-AGT GCC AGG ACC TCA CCA-3=, reverse 5=-CAG CGA GAG GTC GAG TTT G-3=), CART (forward 5=-CGA GAA GAA GTA CGG CCA AG-3=, reverse 5=-CTG GCC CCT TTC CTC ACT-3=), AgRP (forward 5=-TTT GTC CTC TGA AGC TGT ATG C-3=, reverse 5=-GCA TGA GGT GCC TCC CTA-3=), TRH (forward 5=-AAG ACC TCC AGC GTG TGC-3=, reverse 5=-CCT CCT TCT CCT CCC TTT TG-3=), NPY (forward 5=-AGA AAA CGC CCC CAG AAC-3=, reverse 5=-GTC GGG AGA ACA AGT TTC ATT T-3=), orexin (forward 5=-TTG GAC CAC TGC ACT GAA GA-3=, reverse 5=-CCC AGG GAA CCT TTG TAG AAG-3=), CRH (forward 5=-AGG AGG CAT CCT GAG AGA AGT-3=, reverse 5=-CAT GTT AGG GGC GCT CTC-3=), MCH (forward 5=-TTG GGG ATG AAG AAA ACT CAG-3=, reverse 5=-CCC AGC ATA CAC CTG AGC A-3=), and cyclophilin (forward 5=-ACG CCA CTG TCG CTT TTC-3=, reverse 5=-CTG CAA ACA GCT CGA AGG A-3=). GLUT2 and L19 primers were described previously (47) . All primer pairs amplified a single amplicon, as indicated by the unique melting temperature of the PCR product. Moreover, the size of the amplicon was verified by agarose gel electrophoresis.
Crude membrane preparations from the hypothalamus were obtained as described previously (47) . The membrane proteins were resolved on 12% SDS-PAGE and transferred to nitrocellulose membranes for subsequent immunoblotting with GLUT2 antibody against the intracellular loop produced by Eurogentec (47) and actin (MAB1501 Chemicon).
Surgery and intracarotid injections. Surgery and intracarotid injections were performed as described previously (15, 24) . Briefly, mice were anesthetized by an ip injection of ketamine-xylazine (100 and 10 mg/kg body wt). A silastic catheter (VWR) was implanted into the left internal carotid artery, with the proximal end directed toward the brain. The catheter was filled with heparin in 0.9% NaCl. The distal end of the catheter was placed under the skin toward the back of the neck, where it was plugged. All mice were allowed to recover from surgical procedures for 1 wk before further experimentation. Mice were handled for several minutes every day to minimize stressrelated effects on c-Fos expression. On the morning of experiment (between 1000 and 1200), freely moving mice were injected for 60 s with 60 l of glucose solution (50 mg/kg body wt) or isotonic NaCl through the catheter.
c-Fos immunohistochemistry and quantification. Two hours after glucose or NaCl injection, mice were anesthetized by pentobarbital injection into the catheter. Mice received an intracardiac perfusion of 3.6% formaldehyde-0.2% picric acid solution before brains were removed, postfixed at 4°C overnight, sunk in 30% sucrose for 2 days, and frozen at Ϫ50°C in isopentane. The hypothalamus was cut into 30-m serial sections on a cryostat (Leica), and free-floating sections were collected in PBS (pH 7.4). After quenching peroxidase activity (0.3% H2O2, 30 min), sections were incubated in 3% normal goat serum (Jackson ImmunoResearch)-PBS-0.3% Triton X-100 (Sigma) for 6 h at room temperature and then in the rabbit antiserum against Fos protein (c-Fos:sc-52, 1/5,000; Santa Cruz Biotechnology) overnight at 4°C. After washing, sections were incubated in biotinylated goat anti-rabbit IgG (1/2,000; The Jackson Laboratories, Bar Harbor, ME) for 45 min at room temperature and finally incubated in streptavidin-peroxidase conjugate (1/1,000; The Jackson Laboratories) for 1 h at room temperature. Peroxidase activity was revealed by diaminobenzidine. c-Fos-immunopositive cells were counted using computerized image analysis (Image J).
Statistical analysis. Results are presented as means Ϯ SE. GraphPad and StatEL software packages were used. According to sample distribution, unpaired t-test or Mann-Whitney tests were used to compare two sets of data. ANOVA or Kruskal-Wallis tests were used to compare more than two sets of data.
RESULTS
Characterization of GLUT2-SDD mice. GLUT2-SDD transgenic mice have been described previously (47) . These mice express the large cytoplasmic GLUT2 loop driven by an actin promoter in all tissues tested, including the hypothalamus (Fig. 1A) . These mice were characterized by a defect in sugar sensing restricted to GLUT2-expressing tissues. From the three independent transgenic mouse lines we generated, the GLUT2-SDD mouse line presenting only minor defects in insulin secretion (line TgG in Ref. 47 ) was used in this study to focus on the central control of food intake. The amount of GLUT2 protein was not reduced in the hypothalamus of GLUT2-SDD mice compared with wild-type littermates, allowing the normal transport of glucose (Fig. 1B) .
Daily food intake. Food intake was measured along the light-dark cycle. Food intake in wild-type mice was maximal immediately after the lights went off (7 PM), and it gradually decreased over the dark period ( Fig. 2A) . The food intake profile of GLUT2-SDD mice followed a similar pattern ( Fig.  2A) , but the overall daily food intake was significantly higher (28%) than that of wild-type mice (5.5 Ϯ 0.4 vs. 4.3 Ϯ 0.2 g, P Ͻ 0.03; Fig. 2B ). Food intake was unaltered during the day, Fig. 1 . GLUT2-sugar detection-deficient (GLUT2-SDD) mice displayed normal levels of the membrane GLUT2 transporter. A: RT-PCR analysis of GLUT2 loop transgene and L19 (as a control) mRNA in wild-type (WT) and GLUT2-SDD mice. B: full-length GLUT2 protein and actin levels in membranes prepared from hypothalamus of WT or GLUT2-SDD mice.
but it was significantly greater in GLUT2-SDD mice at night (Fig. 2B) . Meal pattern analysis showed that the increase in food intake, measured overnight, was due to an increase in meal size (Fig. 2C) , whereas the meal frequency was unaffected (9.1 Ϯ 1.9 meals/12 h in GLUT2-SDD vs. 8.9 Ϯ 1.6 meals/12 h in wild-type mice, P ϭ 0.84). These results indicate abnormal feeding termination in GLUT2-SDD mice. Although GLUT2-SDD mice presented an increased food intake, they exhibited normal body wt (23.9 Ϯ 1.7 vs. 22.7 Ϯ 0.8 g, P ϭ 0.65) and normal fat mass (12.93 Ϯ 0.70 vs. 12.97 Ϯ 0.49%, P ϭ 0.96) as determined by dual-energy X-ray absorptiometry.
Regulation of food intake in response to glucose abundance. To evaluate whether the suppression glucose detection was responsible for the food intake disorder observed in GLUT2-SDD mice, we measured food intake after a standardized ip injection of glucose in fasted mice to mimic plethora of sugar.
Spontaneous 3-h food intake, measured after an overnight fast, was slightly yet not significantly higher in GLUT2-SDD than in wild-type mice (1.08 Ϯ 0.13 vs. 0.82 Ϯ 0.08 g/3 h, P ϭ 0.11; Fig. 3A ). An injection of glucose (3.6 g/kg body wt) reduced food intake in wild-type mice by 37% (from 0.82 Ϯ 0.08 to 0.51 Ϯ 0.08 g/3 h, P Ͻ 0.05); however, this decrease in food intake was not observed in GLUT2-SDD mice (from 1.08 Ϯ 0.13 to 1.00 Ϯ 0.09 g/3 h, P ϭ 0.63; Fig. 3A ). These findings suggest that GLUT2-SDD mice did not detect the presence of glucose and did not reduce their food intake. Blood glucose and plasma insulin levels were measured after a similar 3.6 g/kg glucose ip injection in fasted mice (Fig. 3, B and C) . No differences were observed between wild-type and GLUT2-SDD mice, suggesting that insulin secretion and peripheral glucose clearance were not responsible for the altered feeding behavior observed in GLUT2-SDD mice. Hormonal profiles. Because hormones other than insulin also drive feeding behavior, we measured the profiles of glucagon, leptin, resistin, and ghrelin in GLUT2-SDD mice.
No significant differences in leptin, resistin, and ghrelin plasma levels were detected in wild-type or in GLUT2-SDD mice during a 3-h time course after the ip injection of glucose (data not shown). Therefore, mice were fasted or fed for 24 h to assess possible variations in hormonal profiles over a longer period of time (Fig. 4) .
Insulin, leptin, and resistin plasma levels were significantly greater (P Ͻ 0.01) in both wild-type and GLUT2-SDD fed mice than in corresponding fasted mice. Ghrelin plasma levels were significantly (P Ͻ 0.01) and similarly lower in fed wild-type and GLUT2-SDD mice than in 24-h-fasted mice (Fig. 4 ). There were no variations in plasma glucagon levels (data not shown). These results suggest that leptin, resistin, and ghrelin levels cannot explain the increase of spontaneous food intake observed in GLUT2-SDD mice during the 24-h lightdark cycle.
Neuropeptide profiles. We investigated hypothalamic mRNA levels of neuropeptides involved in the control of feeding behavior to shed light on possible central mechanisms that might trigger the increase in food intake observed in GLUT2-SDD mice.
No variations in neuropeptide mRNA levels were observed during the first 3 h following ip injection of glucose (data not shown). The accumulation of neuropeptide mRNA was detectable only over a longer period of time; therefore, we compared mRNA levels in fed and 24-h-fasted mice (Fig. 5) .
Orexigenic peptides NPY and AgRP, as well as anorexigenic peptides POMC and CART, displayed identical mRNA expression profiles in wild-type and GLUT2-SDD mice. NPY and AgRP mRNA decreased significantly (Fig. 5A) , whereas POMC and CART mRNA increased in fed vs. fasted mice (Fig. 5B) . No significant differences were observed between wild-type and GLUT2-SDD mice in either the fasted state or the fed state (Fig. 5, A and B) .
On the contrary, mRNA levels of TRH, CRH, and orexin were affected in GLUT2-SDD mice compared with wild-type mice. In the fasted state, CRH mRNA levels were increased in GLUT2-SDD vs. wild-type mice (Fig. 5D ). More interestingly, in the fed state, orexin mRNA levels were increased (Fig. 5C ) and TRH mRNA levels decreased (Fig. 5D ) in GLUT2-SDD compared with wild-type mice (P Ͻ 0.05). Orexigenic MCH mRNA levels did not change significantly during the time of this experiment (Fig. 5C) . Thus, in the fed state, orexin and TRH mRNA levels are dependent on the GLUT2 detection function, and their abnormal regulation, in favor of orexigenic peptides, may contribute to the defective control of food intake and meal size in GLUT2-SDD mice.
c-Fos activation. To assess whether brain activity was involved in the food intake disorders observed in GLUT2-SDD mice, we measured c-Fos activation in various brain areas 2 h after a cerebral load of glucose (Fig. 6) . The injection of a glucose solution (50 mg/kg body wt) into the carotid artery toward the brain generates a local hyperglycemia without changes in the peripheral blood concentration (15) . We quan- Fig. 3 . Inhibition of GLUT2 sugar detection prevented food intake control by glucose abundance. Fasted WT or GLUT2-SDD mice received an ip injection of 0.9% NaCl (Gluc Ϫ) or 3.6 g/kg glucose (Gluc ϩ) solutions, and spontaneous food intake (A), blood glucose (B), and plasma insulin (C) levels were measured over 2 or 3 h. Results are means Ϯ SE (n Ͼ 10 for WT and n Ͼ 5 GLUT2-SDD). Statistical analysis by ANOVA (P Ͻ 0.001) and Newman and Keuls posttests for A, Kruskal-Wallis for B, and Mann-Whitney for C. P Ͼ 0.05. *P Ͻ 0.05 when comparing Gluc Ϫ and Gluc ϩ in WT mice. #P Ͻ 0.05 when comparing WT and GLUT2-SDD mice in response to glucose, ns when comparing WT and GLUT2-SDD mice. AUC, area under the curve. tified c-Fos protein levels by immunodetection in brain slices through the arcuate nucleus, since this GLUT2-positive nucleus is known to play a role in brain glucose sensing (28) . Basal c-Fos activation levels in the arcuate nucleus (ARC) 2 h after saline injection were higher in GLUT2-SDD than in wild-type mice (Fig. 6A) . In another GLUT2-positive nucleus, i.e., the paraventricular nucleus of the thalamus, basal c-Fos activation was also higher in GLUT2-SDD than in wild-type mice (Fig. 6A) . c-Fos activation in the somatosensory cortex, an area devoid of GLUT2, was identical in wild-type and GLUT2-SDD mice. Thus, basal increase in c-Fos activation occurred only in GLUT2-positive areas (Fig. 6A) .
Cerebral hyperglycemia induced a significant increase in c-Fos activation in the ARC of wild-type mice, whereas it was reduced in GLUT2-SDD mice (Fig. 6B) . This suggests that glucose detection in the ARC is defective, possibly contributing to the poor control of food intake in GLUT2-SDD mice.
DISCUSSION
The inhibition of GLUT2-mediated sugar detection increased food intake in GLUT2-SDD mice (line TgG) by enlarging meal sizes without changes in meal frequency. The decision to stop eating is delayed in conjunction with defects in arcuate c-Fos activation in response to glucose and changes in orexin and TRH neuropeptide mRNA levels in the hypothalamus of fed mice. Thus, GLUT2 receptor function, independent of sugar transport and metabolism, is involved in controlling feeding behavior.
GLUT2 plays a key role in glucodetection, which controls the feeding behavior in mice. Indeed, daily food intake is similarly increased in GLUT2-SDD (line TgG) and in GLUT2-null rescued (ripglut1;glut2 Ϫ/Ϫ ) mice (5), and in both mouse models, provision of glucose failed to reduce food intake. GLUT2-dependent sugar transport (except in pancreatic ␤-cells) and sugar detection were invalidated in GLUT2-null mice; by contrast, GLUT2-SDD mice lack only the receptor function, and thus sugar transport was still able to trigger metabolic signaling upon glucose addition. Thus, the regulation of feeding behavior appeared to be reliant mainly on GLUT2 receptor function. GLUT2-mediated sugar detection affected meal size rather than meal frequency. Therefore, the decision to stop eating, i.e., the occurrence of satiation, may have been linked to the concentration of extracellular glucose detected by the GLUT2 receptor. This is an important point because it may be easier to target a membrane-bound receptor to modulate behavior than to alter a metabolic pathway. Despite increased food intake, GLUT2-SDD mice (line TgG) exhibited normal body weight and fat mass. We have previously measured, by indirect calorimetry, heat production, V O 2 , V CO 2 , and respiratory quotient in the same GLUT2-SDD TgG line (47) . In response to a mixed meal, GLUT2-SDD mice (line TgG) display an increased lipid oxidation over glucose oxidation, and a massive urinary glucose loss contributes to get rid Fig. 5 . Inhibition of GLUT2 sugar detection modified regulation of hypothalamic neuropeptide mRNA levels from second-order neurons during the fasted-to-refed transition. Neuropeptide mRNAs were measured by quantitative RT-PCR in hypothalamus of WT (white bars) or GLUT2-SDD (gray bars) mice, which were fasted for 24 h (white and gray bars) or fed (hatched bars). A: orexigenic neuropeptide Y (NPY) and Agouti-related protein (AgRP). B: anorexigenic proopiomelanocortin (POMC) and cocaine-and amphetamineregulated transcript (CART). C: orexigenic orexin and melanin-concentrating hormone (MCH). D: anorexigenic corticotropin-releasing hormone (CRH) and thyrotropin-releasing hormone (TRH). Results are means Ϯ SE (n Ͼ 8). Statistical analysis by Kruskal-Wallis (P Ͻ 0.001) tests and the corresponding posttests. **P Ͻ 0.01 for comparisons between fasted and fed mice of the same genotype. #P Ͻ 0.05, ns for comparisons between WT and GLUT2-SDD in the same metabolic state. P Ͼ 0.05 for comparisons between WT and GLUT2-SDD in the same metabolic state.
of excess glucose and thus reduced fat deposits (47) . GLUT2 is also proposed to control food intake in humans. Indeed, individuals with a GLUT2 allelic variant (Thr110Ile) from two separate Canadian populations have a higher daily intake of sugars (13) . Nevertheless, it remains to be established whether functional defects are associated with this variant form of GLUT2.
Insulin, glucagon-like peptide-1 (GLP-1), leptin, and cholecystokinin (CCK) are satiety hormones that decrease food intake by modulating the function of neurotransmitter systems and neuronal circuitry (14, 42, 50) . Rescue of GLUT2-null mice by GLUT1 expression in pancreatic ␤-cells preserves the second phase of insulin secretion (20) , suggesting that the first phase of insulin secretion is involved in controlling food intake. The first phase of insulin secretion inhibits hepatic glucose production (9); therefore, we can speculate that glucose-inhibited neurons are activated via a decreased blood glucose level. To circumvent the contribution of peripheral insulin secretion to feeding behavior, we used, in the present study, the GLUT2-SDD transgenic mouse line in which insulin response to intraperitoneal glucose was unaffected (line TgG; Ref. 47) . GLP-1 is also a sugar-dependent satiation signal (50) . It is secreted during the meal by enteroendocrine L cells, and its secretion may be mediated by GLUT2 signaling. Indeed, a defect in GLP-1 secretion in response to a sugar load has been reported in rescued GLUT2-null mice (7) . This may be relevant to the abnormal feeding termination in GLUT2-null mice (5) . However, gut hormone secretion is not induced during intraperitoneal injections of glucose (10) and thus could not contribute to the defective feeding response observed in GLUT2-SDD mice. Plasma ghrelin and leptin levels were not affected in GLUT2-SDD mice (line TgG), which is consistent with the observation that stomach and adipose tissue do not express GLUT2. The gut hormone CCK is known to induce satiation by decreasing meal size and meal number (42) . CCK was not suspected in this study because CCK secretion is not induced by sugar, but it is induced by meals containing protein and fat. Thus, the GLUT2-SDD mouse TgG line allowed us to investigate the role of central inhibition of sugar detection on the control of food intake with only minor contribution of the peripheral hormones.
The amounts of orexigenic (NPY, AgRP) and anorexigenic (POMC, CART) neuropeptides in fasted and fed conditions were similar in GLUT2-SDD and wild-type mice. By contrast, mRNA levels of these neuropeptides were altered significantly in rescued GLUT2-null mice (5), suggesting that glucose transport via GLUT2 is required for their regulated expression. Accordingly, mice with heterozygous invalidation of the glucokinase gene also increased NPY and reduced POMC gene expression (51) , confirming that mRNA levels of these neuropeptides are regulated by glucose metabolism. Glucose metabolism reflects various pathways, i.e., glycolysis, oxidative phosphorylation, pentose pathway, hexosamine pathway, and AMP-activated protein kinase phosphorylation. It has been reported, in a clonal hypothalamic neuronal cell line, that inhibition of AgRP expression by glucose is mediated by metabolites provided through glycolysis but not oxidative phosphorylation (11) . The molecular regulation by glucose metabolism of other neuropeptides from first-order neurons remains to be determined. We demonstrate in this study that sugar detection by GLUT2 contributes to control orexin, CRH, and TRH mRNA levels independently of intracellular glucose fluxes. In the fasted state, mRNA levels of the anorexigenic CRH neuropeptide are increased in GLUT2-SDD mice, suggesting that detection of sugar concentration by GLUT2 inhibits its expression. In the fed state, increased amounts of the orexigenic neuropeptide orexin, together with reduced amounts of anorexigenic TRH, in fed GLUT2-SDD mice may sustain increased food intake.
The c-Fos activation in response to glucose was significantly lower in GLUT2-SDD mice than in wild-type mice, suggesting that the arcuate nucleus fails to detect glucose appropriately. This occurred despite adequate amounts of POMC, CART, NPY, or AgRP mRNA. These data indicate that poorly stimulated arcuate neurons cannot transmit glucose signals to the neurons of the lateral and paraventricular nuclei in the hypothalamus. Accordingly, the altered expression of TRH and orexin observed in GLUT2-SDD mice may be due to neuronal blindness in response to glucose.
We observed that the basal c-Fos activation was higher in the arcuate nucleus of the hypothalamus and in the paraventricular nucleus of the thalamus from GLUT2-SDD mice than from wild-type mice. This was also reported in the ventromedial hypothalamic nucleus of rescued GLUT2-null mice (36) . Feeding increased lateral periarcuate c-Fos immunoreactivity in wild-type mice, particularly in POMC-positive neurons (46) . Both GLUT2-SDD (line TgG) and GLUT2-null mice exhibit elevated food intake, resulting in the increased c-Fos signal observed in the basal ad libitum fed state. Moreover, basal c-Fos activation in GLUT2-negative regions such as the somatosensorial cortex remained unaffected in GLUT2-SDD mice. This suggests that feeding-induced c-Fos immunoreactivity is dependent on GLUT2 sugar detection.
To characterize the molecular mechanisms underlying the blocking effect of the GLUT2 loop peptide on glucose signaling triggered by the GLUT2 receptor, we identified karyopherin-␣2 as a partner of endogenous GLUT2 loop (8, 23) . Moreover, we demonstrated that karyopherin-␣2 was involved in glucose signaling by importing proteins, e.g., components of the glucose-sensitive transcription machinery, into the nucleus (8, 23) . In cells or tissues devoid of GLUT2, glucose detection occurred through mechanisms that are not affected by expression of GLUT2 loop. Accordingly, GLUT2-SDD mice, expressing GLUT2-loop peptide, displayed normal insulin sensitivity in tissues expressing GLUT4 (muscle and adipose tissues) but not GLUT2 (47) . In the hypothalamus, GLUT2 was recovered in neurons, astrocytes, or tanycytes (1, 2, 17, 28, 36) . A hypothesis is that glucose-sensitive neurons involved in the control of food intake express GLUT2; in that case, expression of the GLUT2 loop will directly block sugar-sensitive mechanisms (gene transcription or exocytosis). Another hypothesis is that those glucose-sensitive neurons do not express GLUT2 and might receive messengers from close GLUT2-expressing cells (e.g., astrocytes) to control glucose-sensitive actions. In favor of this second hypothesis, reexpression of GLUT2 in glial cells is sufficient to restore the response to hypoglycemia in GLUT2-null mice (36) . Whatever the exact location of GLUT2 within the brain cells, food intake is affected by expression of the GLUT2 loop and thus appears dependent on GLUT2 sugar detection.
In conclusion, our findings provide evidence that GLUT2-dependent glucose detection, in addition to glucose transport, plays a major role in the control of food intake by the hypothalamus. GLUT2 detects and signals glucose to adapt to the meal size. In the arcuate nucleus of the hypothalamus, GLUT2 sugar detection is required for c-Fos activation but not for neuropeptide mRNA expression. However, GLUT2 sugar detection activates anorexic TRH production in the paraventricular nucleus and reduces production of the orexigenic peptide orexin in the lateral hypothalamus. The dual function of GLUT2 may fulfill the need for detecting acute extracellular vs. intracellular glucose concentrations. Modulating the receptor function without affecting vital sugar provision by the transporter may be a strategy to control feeding behavior. Thus, the GLUT2 transceptor constitutes a potential drug target to treat eating disorders and associated metabolic diseases.
